Cross-linking byproducts are suspected to be the main contributing factor in space charge formation observed in XLPE. To investigate the mechanism behind this phenomenon, low density polyethylene was soaked into three main crosslinking byproducts, acetophenone, -methylstyrene and cumyl alcohol, and space charge measurements were performed using the Pulse Electroacoustic technique (PEA). It has been found that soaking LDPE in cumyl alcohol introduces more charges into the system, with homocharges and heterocharges accumulating within the sample compared to the additive free sample. In contrast, -methylstyrene and acetophenone reduce the amount of accumulated charges. In terms of charge decay, all three byproducts enhance the decay process in the insulator. Further investigations were conducted in conditions where two byproducts are present in a sample. The results shows that acetophenone is a dominant byproduct in determining the charge density patter built up during the charging process, whilst the rate of charge decay is observed to be high in the presence of -methylstyrene in the sample.
INTRODUCTION
CROSSLINKED polyethylene, commercially known as XLPE is widely used as an insulating material in high voltage cable insulation. Crosslinking is a process that joins different polymer chains together by a chemical reaction. Polyethylene can undergo the process of crosslinking to form XLPE by connecting the end branches to different PE chains. The crosslinking process retains the electrical properties of LDPE and improves certain properties of PE such as the mechanical properties at elevated temperatures, resistance to deformation and stress-cracking as well as improving tensile strength and modulus.
It has been found that, after crosslinking with Dicumyl Peroxide (DCP), the crosslinking byproducts such as acetophenone, -methylstyrene and cumyl alcohol have a significant influence on electrical properties of XLPE power cables [1] . Polymer is extruded such that the PE surrounds the conductor and cured at a high temperature and high pressure. The PE is then melted and the peroxide decomposes to induce the crosslinking process. The chemical structure and their melting point of the byproducts are presented in Table I .
Despite of its ability to withstand high temperatures, the ease in which space charge accumulates in a XLPE system becomes the main concern when employing this material in insulation systems [2] . With the existence of space charge in the insulator, the breakdown process might occur at much lower voltage due to local field enhancement, ionization and electromechanical energy storage [3] . Much research has shown that a few factors can be associated with the formation of space charge in XLPE, such as the crosslinking structure, anti-oxidants and moisture [4] . However, it is believed that crosslinking byproducts are one of the major contributors in space charge accumulation [5] which is why a degassing process is applied to remove byproducts from the crosslinked structure after the crosslinking process. This paper intends to gain a deeper understanding of space charge accumulation mechanisms in XLPE and address how individual byproducts can affect space charge formation within the polymer. This research is vital and serves as an alternative to finding replacement material in typical insulation systems.
EXPERIMENT PROCEDURES

SAMPLE PREPARATION
Four samples were prepared for this investigation, additive free LDPE circular films with diameter 36 mm and 180μm thickness were soaked for 2 h inmethylstyrene, acetophenone and cumyl alcohol. All samples were prepared at room temperature, except for those soaked in cumyl alcohol which were treated at 80 ºC. The reason for using LDPE over XLPE is to eliminate any possibility of having more than one byproduct in the system. Even though previous studies by N. Hirai [6] show that space charge characteristics in LDPE and degassed XLPE are similar, it has been proven that under stress, the amount of space charge accumulation differs [7] . In addition, the possibility of having byproduct-free XLPE via degassing cannot be guaranteed [8] , thus, LDPE is chosen over XLPE.
The absorption rates of the byproducts into the LDPE film can be observed by percentage weight increase and the rates are plotted in Figure 1 . These values are similar to the values that are reported in [9] . It is worth addressing here that this percentage weight of byproducts per sample film is not relative to the actual percentage of the byproducts in commercial XLPE, as emphasised before the focus of this research is to compare the effect of the three byproducts in space charge accumulation.
The rate of decay of these byproducts in the soaked samples can be observed in Figure 2 . When the soaked samples are left in an open environment (OS), the byproduct decay rapidly (1-4%wt). -methylstyrene decays fastest and acetophenone decays slowest. However when using the PEA method, the sample is placed in between two electrodes in a closed environment, this causes the byproducts to be retained for a longer period within the sample. This result is also shown in Figure 2 marked as (CS). Space charge measurements are conducted within 2 h, and are considered that any loss in byproduct is negligible, i.e. the amount of byproducts is almost constant throughout the experiment. This consideration is based on the rate of decay of these byproducts in the soaked samples.
SPACE CHARGE MEASUREMENT
In space charge measurement, the PEA technique was employed. This technique is discussed in [10] . Semicon (a polymer consisting of polyethylene loaded with carbon black) and aluminium were used as the anode and cathode respectively. To measure space charge, a pulse voltage of 600 V with duration of 5 ns was applied to the sample to generate an acoustic signal wave. For calibration purposes, each sample was stressed at 2 kV dc voltage as discussed in [11] before applying three different positive dc voltages, 5, 8 and 10 kV subsequently after the soaking process. The charge density pattern at 2 kV is used as the reference signal when processing the PEA data in Lab View TM environment.
Space charge measurements were obtained during the charging and decay process. During the charging process, Volt off measurements were obtained every 10 minutes. The power supply was turned off and readings were taken 10 seconds after the dc voltage was removed. The sample was recharged immediately after readings were taken until the next reading time, this was carried out for a 1 h of charging period. Subsequently, the power supply was permanently removed, and the decay of the accumulated charge in specimen was measured for another hour. The schematic diagram of voltage profile during Volts off measurement is shown in Figure 3 . To display charge profile more clearly, only Volts off and decay measurements are presented in this paper.
The Volts off results are presented in Figures 4 to 7. Arrows in the figures show the changes in the charge density during the one hour measurement. Figure 4 shows the charge density of untreated LDPE and is used as a reference to when comparing data from the treated samples. These studies are important to ensure that space charge data accumulated as a result of the byproducts will not be misinterpreted.
EXPERIMENT RESULTS
VOLTS OFF MEASUREMENT RESULTS
CLEAN UNTREATED LDPE
The data from untreated LDPE show that, for the sample stressed at 5 kV, the increasing stress time results in the charges of both polarities gradually increasing in the sample (Figure 4a ). Negative charges are trapped in the region close to the cathode. It is also observed that the injected positive charges tend to move towards the cathode due to different polarity attraction. When the LDPE stressed at 8 and 10 kV, a greater volume of negative charges are injected from the cathode and the charges drift slowly into the sample bulk. It is clear that the meeting point of positive and negative charges moves towards the middle of the sample with the increasing applied voltage. Figure 5 represents space charge data for LDPE soaked in acetophenone, where negative charge domination is observed. In the vicinity of the anode, the amount of positive charges decrease over time, indicating that either the positive charges migrate towards the nearby electrode, or the amount of negative charges are greater in that specific area. It is observed that the amount of negative charges that move into the bulk of the sample, towards to anode, is proportional to the stressing time. This observation can be seen at all three charging voltages and is more noticeable at higher voltage. As the positive charges from the anode are suppressed, one observes distinguishable differences in the charge profile of LDPE soaked in acetophenone compared to an untreated sample.
ACETOPHENONE
-METHYLSTYRENE
Charge density of the -methylstyrene soaked LDPE, shows a different characteristic as illustrated in Figure  6 . The charge profiles for these samples are similar to those seen for untreated LDPE, where the positive charges dominate the sample bulk whereas the negative charges are trapped near the cathode. Slower charge built up is observed in themethylstyrene soaked sample stressed at 5 kV and 8 kV. However, at 10 kV (Figure 6c ) positive charges already accumulate in the bulk of the sample within the first 10 minutes of stressing. Similarly to Figure 6 , authors have reported [2] a rapid migration of positive charges in amethylstyrene soaked sample, it is concluded thatmethylstyrene has a greater effect on the positive charge migration than acetophenone as it can permeate faster into the polymer structure.
CUMYL ALCOHOL
The space charge characteristic of LDPE soaked in cumyl alcohol is different from the two former chemicals discussed. The charge density of the sample is shown in Figure 7 . Cumyl alcohol causes charge accumulation of both charge polarities with heterocharges appeared when the sample is stressed at 5 kV and 8 kV. Cumyl alcohol introduces a greater charge injection into the sample compared to the other byproducts, especially at 5 kV and 8 kV. After 10 minutes of charging, the negative charges in samples stressed at 5 kV and 8 kV, migrate into the bulk, reducing the height of the positive peak. After 20 minutes, the positive peak completely disappears and negative charges accumulate in the bulk of sample. Similar observations are seen for the negative peak near the anode. However, as the voltage is increased to 10 kV, heterocharges can no longer be seen due to charge injection from the electrodes. These results have been previously reported in [12] but not discussed.
SPACE CHARGE DECAY RESULTS
By monitoring the charge decay after the applied voltage is removed, one can see the influence of the byproduct chemicals on the charge transportation of the insulator. By integrating the space charge density (x, t; E) over the insulation thickness at time t, the amount of charge in the sample, q( t; E) is obtained; (1) where 0 and L denote the position of the electrode excluding the charges at the electrodes, E is the electric field and S is the electrode area. The charge profile of the sample can be analysed as the total charge value during decay, plotted over time. The results of this calculation are presented in Figure 8 .
The effect of the chemicals on the total charge is the greatest at the higher voltages, although no big differences are observed at a lower voltage. In samples charged at 5 kV and 8 kV, cumyl alcohol introduces more charge accumulation compared to the charges in the clean untreated LDPE. Acetophenone and -methylstyrene reduce the amount of total charge accumulated in the LDPE. At 10 kV, acetophenone and cumyl alcohol contribute to more charge accumulation to the untreated LDPE.
Comparing all soaked samples and the clean untreated LDPE, -methylstyrene has the least effect on the charge accumulation in the insulator as it reduces the total charge accumulation compared to the all samples. This is clear in all three stressing voltages where -methylstyrene soaked LDPE has the least charges in the sample including the clean LDPE. Comparatively, cumyl alcohol shows a clear contribution to the charge built up within the insulator. Heterocharges appear near the electrodes to increase the stress at the electrode interface and therefore enhances the charge injection into the sample. 
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Despite the increase of charge injection and accumulation within the insulator, the chemicals speed up the decay process, particularly in the first 15 to 20 minutes. From this point, the charge decay is comparable to the untreated LDPE. From the charge decay results, LDPE soaked inmethylstyrene has the greatest rate of decay followed by acetophenone and cumyl alcohol. -methylstyrene results in 80% of the original charges within a sample to decay. As the rate of decay is commonly associated with shallow and deep traps, where rapid decay is observed in the former [13] , one can conclude that the chemical byproducts reduce the number of charges trapped in the deep traps. This is demonstrated by a slower rate of decay in a smaller number of charges, as seen in the decay curves. Based on the results one assumes that the charges will initially fill the shallow traps prior to the deep traps, this hypothesis has been verified recently [14] . It is reasonable to suggest that the byproduct chemicals modify the trapping characteristics of LDPE in two possible ways, 1) by increasing the population of the shallow traps 2) by reducing the number of deep traps in the LDPE, replacing them with the shallow traps. In untreated LDPE, deep electron traps are often found in regions of reduced density, such as sub-microvoids with surrounded polymer chains [15] . These voids and naturally occurring spaces between the crystalline structures will fill with chemicals in the soaking process and result in a change in the charge trapping and de-trapping characteristics associated with the region. This is dependent on the type of bonding the chemical byproducts induce within the system such as benzene ring, carbonyl group, double bond, and hydroxyl groups.
TWO BYPRODUCTS IN SAMPLE
The analysis made above is based on the assumption that the chemical function of the byproducts act separately from each other. At this stage, it is difficult to achieve a similar mixture ratio to that in practice via soaking process. This is because of the difficulty to control the amount of byproducts in the soaked sample and at the same time have a uniform distribution across the film thickness. Our main concern here is to examine potential interactions amongst different byproducts. As it is difficult to see these effects with a mixture of three byproducts, only two byproducts are mixed at one time. The results are compared to those obtained in the previous section.
To do so, LDPE films were placed into a mixture of two chemicals at room temperature. The samples for space charge measurements are shown in Table 2 . Similar space charge measurement procedures as explained above were applied to the samples. Space charge formation was monitored at 8 kV and the results are presented in Figure 9 .
For Sample a-, the charge density profile illustrates how negative charges dominate the sample bulk. This profile is similar to data obtained from acetophenone soaked LDPE, which suggests that acetophenone has a greater influence than -methylstyrene in terms of controlling the charge build up. The former byproduct suppresses positive charge injection from the anode. Similar characteristics are observed in Figure 6b .
The influence of acetophenone over the other byproducts is also shown in Sample a-c. The amount of positive charge that decreases with charging time shows that the positive charges are suppressed. This observation is believed to be associated with the existence of acetophenone in the sample. No heterocharges appeared in Sample a-c and Sample -c, although cumyl alcohol was present in the sample.
In Sample -c, negative charges migrate from the cathode to the sample bulk. As a result, more negative charge is seen in the sample. It is believed that some positive charges are trapped in the vicinity of the anode, this is consistent with the space charge profile inmethylstyrene and cumyl alcohol soaked LDPE. However, due to low resolution, these charges appear in only one positive peak. As the charge dynamics do not show any distinctive pattern associated with any of the individual byproducts, a conclusion cannot be drawn as to which byproduct is the most dominant.
The total charge accumulation in the samples calculated using equation (1) are presented in Figure 10 . The total charge from samples soaked in single byproduct is also included in the figure for comparison. After being stressed for an hour, the total charge accumulated in Sample a-is the highest followed by Sample -c and Sample a-c. Despite having the least total charge, the rate of charge decay in Sample a-c is low relative to the other two samples. It is believed that the presence of -methylstyrene in samples a-and -c cause a faster rate of decay. The result indicates that in terms of charge accumulation, it is rather difficult to see which byproduct causes the most charge injection into the insulator. However, -methylstyrene maintains its characteristic as the charge decay accelerator while in the existence of other byproducts in the insulator.
CONCLUSION
The effects of acetophenone, -methylstyrene and cumyl alcohol on space charge formation have been evaluated. Where single byproducts exist in the sample, cumyl alcohol introduces homocharges and heterocharges which cause a greater amount of space charges to form in LDPE. Heterocharges increase the stress at the electrodes and hence intensifies the charge injection. As a result, heterocharges gradually disappear as the charging process is continued. Acetophenone assists the movement of negative charge in the sample bulk and the byproduct introduces more charge at higher voltages. -methylstyrene however, reduces the amount of total charge introduced into the insulator as the charges are suppressed near the electrodes.
In terms of charge decay, the byproducts induce the decay process. -methylstyrene causes the fastest charge decay followed by acetophenone and then cumyl alcohol. With more than two byproducts in a sample, -methylstyrene retains its characteristic as the 'catalyst' of the charge decay process. Acetophenone retains its charge profile during charging process, with more negative charges drifting into the bulk towards the anode. 
